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The stability and (un)folding of the 19-residue peptide, SCVTLYQS-
WRYSQADNGCA, corresponding to the ®rst b-hairpin (residues 10 to
28) of the a-amylase inhibitor tendamistat (PDB entry 3AIT) has been stu-
died by molecular dynamics simulations in explicit water under periodic
boundary conditions at several temperatures (300 K, 360 K and 400 K),
starting from various conformations for simulation lengths, ranging from
10 to 30 ns. Comparison of trajectories of the reduced and oxidized
native peptides reveals the importance of the disulphide bridge closing
the b-hairpin in maintaining a proper turn conformation, thereby insur-
ing a proper side-chain arrangement of the conserved turn residues. This
allows rationalization of the conservation of those cysteine residues
among the family of a-amylase inhibitors. High temperature simulations
starting from widely different initial con®gurations (native b-hairpin, a
and left-handed helical and extended conformations) begin sampling
similar regions of the conformational space within tens of nanoseconds,
and both native and non-native b-hairpin conformations are recovered.
Transitions between conformational clusters are accompanied by an
increase in energy ¯uctuations, which is consistent with the increase in
heat capacity measured experimentally upon protein folding. The folding
events observed in the various simulations support a model for b-hairpin
formation in which the turn is formed ®rst, followed by hydrogen bond
formation closing the hairpin, and subsequent stabilization by side-chain
hydrophobic interactions.
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Introduction

With the continuously increasing amount of
available genome information and thereby protein
sequences, simulation and prediction methods will
need to complement experimental methods such as
X-ray crystallography and nuclear magnetic reson-
ance (NMR) spectroscopy for the structural study of
proteins (Fisher & Eisenberg, 1999). For this, a prop-
er understanding of protein structure and folding is
required. Numerous advances in this direction have
been made as illustrated, for example, by successful
protein and peptide design or redesign (for reviews,
see Blanco et al., 1998; Lacroix et al., 1999; Reagan,
1999). New insights on the mechanism of protein
folding have been obtained from both experimental
ing author:

t-accessible surface
, radius of gyration;
and theoretical studies (Dobson & Karplus, 1999).
Studying small protein fragments or peptides can
also lead to a better understanding of protein struc-
ture and folding. Among those, b-turns and b-hair-
pins belong to the small structural elements that
have been proposed to act as initiation sites in early
protein folding events. Their presence in solution
has been demonstrated experimentally for several
natural and designed peptide fragments (Blanco
et al., 1994; Searle et al., 1995; de Alba et al., 1996,
1999; Sieber & Moe, 1996; Ramirez-Alvarado et al.,
1996; Kortemme et al., 1998; Gellman, 1998). Only
recently, however, have the folding dynamics and
mechanism of such hairpins been studied exper-
imentally, revealing folding times in the micro-
second time-range (6 ms for the b-hairpin from
protein G B1) (MunÄ oz et al., 1997). Computer simu-
lations of b-turn forming peptide sequences have
shown that such peptides can fold and unfold in the
nanosecond time-range (Tobias et al., Scully & Her-
mans, 1994; Demchuk et al., 1997) and a number of
computational studies have started addressing fea-
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256 �-Hairpin Stability and Folding
tures of b-hairpin stability and (un)folding (PreÂvost
& Ortmans, 1997; Schaefer et al., 1998; Dinner et al.,
1999; Pande & Rokhsar, 1999).

To gain further insight at the atomic level of the
folding mechanism of b-hairpins, the 19-residue
peptide SCVTLYQSWRYSQADNGCA, correspon-
ding to the ®rst b-hairpin (residues 10 to 28) of the
a-amylase inhibitor tendamistat (PDB entry 3AIT)
(Billeter et al., 1990), was chosen for this study.
Tendamistat is a disulphide-bridged b-sheet pro-
tein which follows a rapid two-state folding mech-
anism without any detectable folding intermediate,
as demonstrated from stop-¯ow ¯uorescence
experiments (SchoÈnbrunner et al., 1997a). Its
sequence possesses a strong b-sheet propensity,
native-like b-structure being conserved even in tri-
¯uoroethanol (SchoÈnbrunner et al., 1996), a solvent
known to induce a-helical conformations. Kinetic
experiments on mutants of this protein lacking the
disulphide-bridges have shown that native-like
preformed hairpin structures are present in the
unfolded state and could act as initiation sites for
folding (SchoÈnbrunner et al., 1997b). In addition,
NMR experiments have been performed on pep-
tides of various lengths corresponding to the ®rst
b-hairpin of tendamistat (Blanco et al., 1991). A 15-
residue sequence (VTLYQSWRYSQADNG) lacking
the disulphide bridge has been shown by NMR to
adopt turn-like structures in the same region
where the b-turn is found in the native protein
(Blanco et al., 1991).
Table 1. Average energies and structural characteristics o
simulations at 300 and 400 K

300 K

Oxidized (15 ns) R

A. Energies (kJ molÿ1)
Ebonded (solute) 542(10)
Eelec1 (solute-solute) ÿ443(57)
Eelec2 (solute-solvent) ÿ1758(113)
Eelec (Eelec1 � Eelec2) ÿ2201(60)
Evdw1 (solute-solute) ÿ456(25)
Evdw2 (solute-solvent) ÿ378(20)
Evdw (Evdw1 � Evdw2) ÿ834(14)
Enon-bonded (Eelec � Evdw) ÿ3035(57)

B. Solvent-accessible surface area (nm2)
All atoms 18.4(0.9)
Polar atoms 10.4(0.5)
Non-polar atoms 8.0(0.7)
Backbone 3.7(0.4)
Side-chains 14.7(0.7)

Rgyration (backbone) (nm) 0.71(0.05)
Number of hydrogen bonds 11.0(1.8)
b-sheet (%) 43
b-bridge (%) 2
b-turn (%) 3
Bend (%) 16

Energy averages and standard deviations (between parentheses)
block averages.

The solvent-accessible surface areas were calculated with the pro
radius probe. Secondary structure content and hydrogen bonds calc
(Laskowski et al., 1993).
Here, we present results on the stability and
(un)folding of the 19-residue peptide correspond-
ing to the ®rst b-hairpin of tendamistat. This sys-
tem is studied by performing molecular dynamics
(MD) simulations in explicit water under periodic
boundary conditions at several temperatures
(300 K, 360 K and 400 K), starting from various
conformations (native b-hairpin, a and left-handed
helical and extended conformations) (for more
details see Computational Methods). The simu-
lation lengths range from 10 to 30 ns. The role of
the disulphide bridge in hairpin stability is investi-
gated by simulating both the oxidized (with the
disulphide bridge) and reduced forms (lacking the
disulphide bridge). Insight into the folding mech-
anism of b-hairpins is obtained from an analysis of
the trajectories.

Results and Discussion

bbb-hairpin stability at 300 K

Two 15 ns MD simulations at 300 K were used
to assess the stability of the b-hairpin within the
GROMOS96 force ®eld (Daura et al., 1998b) in the
presence and absence of the disulphide bridge. The
secondary structure content of the oxidized and
reduced peptides as function of time is shown in
Figure 1(a) and (b), respectively. Both forms main-
tain the b-hairpin conformation throughout the 15
ns simulation with b-sheet contents of 43 and 46 %
for the oxidized and reduced peptides, respectively
(Table 1). The structures remain close to the start-
f the oxidized and reduced b-hairpins from the MD

400 K

educed (15 ns) Oxidized (10 ns) Reduced (15 ns)

545(11) 691(13) 686(12)
ÿ410(51) ÿ434(60) ÿ456(47)
ÿ1812(92) ÿ1563(115) ÿ1540(91)
ÿ2222(45) ÿ1997(57) ÿ1996(48)
ÿ470(22) ÿ429(27) ÿ417(22)
ÿ367(21) ÿ319(15) ÿ325(15)
ÿ837(15) ÿ748(20) ÿ742(15)
ÿ3059(45) ÿ2745(50) ÿ2739(44)

18.4(0.7) 18.6(l.1) 19.1(1.0)
10.5(0.6) 10.5(0.6) 10.9(0.7)
7.9(0.5) 8.1(0.7) 8.2(0.6)
3.2(0.5) 3.5(0.5) 3.6(0.4)
15.2(0.6) 15.1(0.8) 15.5(0.9)

0.71(0.08) 0.65(0.09) 0.74(0.04)
11.9(2.6) 9.0(2.5) 10.2(2.4)

46 11 32
3 8 3
10 11 13
10 27 9

were calculated from 10 or 15 ns MD trajectories using 20 ps

gram NACCESS (Hubbard & Thornton, 1993), using a 0.14 nm
ulated using the SECSTR module of the program PROCHECK



Figure 1. Secondary structure as function of time for the 300 K (upper panel) and 400 K (lower panel) molecular
dynamics simulations in water of the (a), (c) oxidized (with disulphide bridge) and (b), (d) reduced ®rst b-hairpin
(residues 10-28) of the protein tendamistat (Billeter et al., 1990). Red, b-sheet; yellow, hydrogen-bonded turn; orange;
bend; green; b-bridge; blue; a-helix; violet; 310-helix.
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ing structure with positional root-mean-square
(rms) deviations for backbone atoms of the central
eight residues (YQSWRYSQ) of 0.12(�0.02) nm
and 0.11(�0.03) nm, for the oxidized and reduced
peptides, respectively. In both simulations, the
hairpin remains centred around the Trp9-Arg10
pair. However, different turn conformations and
hydrogen-bonding patterns are observed and can
best be described in the b-hairpin terminology
reported by Sibanda & Thornton (1985) in which
the hairpin type is de®ned by the conformation of
the four turn residues (L1 to L4). In the oxidized
form (Figure 1(a)), a type I b-turn at the Trp9-
Arg10 position (L2,L3) is present throughout the 15
ns trajectory. A total of three hairpin conformations
with a type I b-turn are sampled during the simu-
lation that differ by the hydrogen-bonding pattern
of the adjacent residues (Ser8 (L1) and Tyr11 (L4)):
a 4:4 b-hairpin (no hydrogen bond between L1 and
L4) populated for approximately 60 % of the time,
a 2:4 b-hairpin (one hydrogen bond between L1
and L4) populated for approximately 30 % of the
time, and a 2:2 b-hairpin (two hydrogen bonds
between L1 and L4) populated for approximately
10 % of the time. The 2:2 b-hairpin can easily be
recognized from the secondary structure plots in
Figure 1(a) by its tight turn (e.g. around 2.5 and
10 ns). The 2:4 and 4:4 b-hairpin conformations
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with type I b-turn are also found in the reduced
peptide simulation, mostly during the last 4.5 ns
(Figure 1(b)). Another stable hairpin form, a 2:2 b-
hairpin with type II0 b-turn, which was not found
in the presence of the disulphide bridge, dominates
the ®rst 10 ns of this simulation. Type I and type
II0 turns differ in their f,c dihedral angles of the
L2 residue (Trp9 in this case): ÿ60 �, ÿ30 � for a
type I turn and 60 �, ÿ120 � for a type II0 turn. The
disulphide bridge prevents the formation of the
type II0 b-turn, thereby preserving the type I b-turn
conformation. This could have a functional import-
ance and explain the conservation of the four-turn
residues (Ser-Trp-Arg-Tyr) and of the two cysteine
residues among the family of a-amylase inhibitors.
Further analysis of Figure 1(b), reveals that the
reduced system starts loosing b-sheet content after
9 ns, with turn and bend conformations appearing
in the C and N-terminal parts. This was ®rst inter-
preted as a possible step toward unfolding and
was the reason why the simulation was extended
to 15 ns. A four-residue antiparallel b-sheet was,
however, recovered after 13 ns. Apart from their
conformational differences, the oxidized and
reduced peptides cannot be distinguished by their
energies, solvent-accessible surface area, radius of
gyration or hydrogen-bonding properties, as can
be seen from Table 1.
bbb-hairpin unfolding at 400 K

The unfolding of the oxidized and reduced pep-
tides was followed from two 400 K MD simu-
lations of 10 and 15 ns lengths, respectively. The
secondary structure content, as a function of time,
for those two simulations is presented in Figure 1(c)
and (d). Surprisingly, while in the presence of the
disulphide bridge b-hairpin conformation is lost
after approximately 2 ns, in the reduced peptide
(lacking the disulphide bridge) various b-hairpin
conformations that differ from the native are found
throughout the 15 ns simulation (Figure 2). This is
re¯ected in the b-sheet content at 400 K in Table 1:
11 % for the oxidized peptide against 32 % for the
reduced peptide.

For the oxidized system, although the antiparal-
lel b-sheet is almost completely lost after 2 ns, the
turn conformation (eight central residues) remains
close to the starting conformation, with average
backbone atom positional rms deviations from the
starting structure of 0.11(�0.03) nm up to 4 ns.
This is similar to that observed in the 300 K simu-
lation (see above); the two residues adjacent to the
four turn residues are still hydrogen bonded as
indicated by the presence of b-bridges (shown
in green in Figure 1(c)). Only after approximately
5 ns is the hairpin structure completely lost (aver-
Figure 2. Secondary structure as
function of time for the 400 K
(upper panel) and 360 K (lower
panel) molecular dynamics simu-
lations in water of the reduced
polypeptide consisting of the ®rst
b-hairpin amino acid sequence
(residues 10-28) of the protein ten-
damistat (Billeter et al., 1990) start-
ing from: (a) An a-helical
conformation; (b) A left-handed
helical conformation; and (c) An
extended conformation. See the
legend to Figure 1 for the colour
scheme.
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age positional rmsd from starting structure
0.19(�0.05) nm). This can also be seen from the
snapshots at 5 and 10 ns in Figure 3.

In the absence of the disulphide bridge
(Figure 1(d)), the b-hairpin conformation changes
within the ®rst 0.5 ns, to a 3:5 hairpin with a type I
b-turn at Ser8-Trp9, resulting in a one-residue shift
toward the N terminus. This conformation is main-
tained up to approximately 5.5 ns, although with
structural ¯uctuations: the antiparallel b-sheet is
completely lost and reformed twice with transient
a-helical conformations (indicated in blue) appear-
ing in the turn region. At around 5.75 ns, the 3:5
hairpin is lost and a three-residue shift toward the
C terminus occurs in the turn, resulting in a 3:3
b-hairpin with a type II0 b-turn at Tyr11-Ser12 and
a b-bulge at Ser8. This conformation, whose turn is
shifted by two residues toward the C terminus
compared to the native conformation, is stable for
the remainder of the simulation up to 15 ns, with
some variations in the b-sheet length. The 3:3
b-hairpin is well de®ned with a backbone atom
positional rms deviation from the mean structure
(10-15 ns) of 0.07(�0.02) nm, while the rms devi-
ation from the native conformation amounts to
Figure 3. Snapshots of the peptide structures during the 4
(a) The oxidized native b-hairpin; (b) The reduced native b-h
(e) From an extended conformation. The * indicate b-hairpi
the C terminus that are centred around Tyr-Ser (the nat
coloured red, a-helices blue and hydrogen-bonded turns and
grams MOLSCRIPT and Raster3D (Kraulis, 1991; Merritt & M
0.28(�0.02) nm. This is also clearly illustrated in
the pairwise backbone atom positional rms devi-
ation matrix plot in Figure 4, revealing three main
clusters: the 3:5 b-hairpin (up to 5.5 ns), a transition
structure (6-8 ns) and the 3:3 b-hairpin (8.5-15 ns).
Snapshots of the two hairpin forms at 5 ns and 10
ns are shown in Figure 3.

What could account for the difference in stability
of the reduced and oxidized peptides? Averages
for various energy terms are listed in Table 1; no
signi®cant difference in energy can explain the
increased stability of the reduced form. Clearly,
enthalpic considerations cannot explain the stab-
ility difference. The energies calculated from the
MD simulations only report on the enthalpy of the
system. Entropic effects could contribute to the
stabilization of the reduced form: this term, lacking
the disulphide bridge, is con®gurationally less
restricted than the oxidized form and is therefore
likely to possess a larger entropy. The entropy
difference between the two forms could thus be. an
explanation for their different stabilities. Of course,
even with such long simulations, only a limited
part of conformational space is being sampled,
which can still not properly report on the entropy
00 K and 360 K MD simulations in water starting from:
airpin; (c) a- (d) Left-handed helical conformations, and

ns shifted by two residues (compared to native) toward
ive b-hairpin is centred around Trp-Arg). b-sheets are

bends yellow. The Figure was generated with the pro-
urphy, 1994).



Figure 4. Pairwise atom-positional root mean square deviation matrix calculated from conformations taken at 0.2
ns intervals from all reduced peptide MD simulations. The rms deviations were calculated for the N, Caand C-atoms
of the central eight residues (YQSWRYSQ) corresponding to the native b-hairpin. The rms deviations are rendered in
a gray scale ranging from black (rmsd 4 0.075 nm) to white (rmsd 5 0.175 nm). The simulation temperatures, start-
ing conformations and simulation lengths are indicated on both time axes.
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of the various species. More likely, the two-residue
shift in the b-hairpin structure occurring after
about 6 ns in the reduced form allows the system
to ®nd a more stable conformation, as indicated by
the higher b-sheet content of 37 % for the last 5 ns
of the simulation, against 25 % for the ®rst 5 ns.
The disulphide bridge in the oxidized form pre-
empts such a register shift in the hairpin. The
occurrence of a shifted turn conformation in the
reduced species is consistent with NMR studies of
shorter fragments of this b-hairpin lacking the two
cysteine residues (Blanco et al., 1991): amide shift/
temperature coef®cients indicate the presence of
two turn conformations in solution (see Figure 4
by Blanco et al., 1991), at Trp-Arg corresponding to
the native turn position, and at Tyr-Ser, the two-
residue shifted turn observed in our simulation.
The disulphide bridge found in the native peptide
thus seems to have a doubly important functional
role: preventing the occurrence of the shifted turn,
as observed in our 400 K simulations, and keeping
the type I b-turn conformation at Trp9-Arg10, and
thus a proper side-chain arrangement, as observed
in the 300 K simulations. This allows rationaliz-
ation of the conservation of those cysteine residues
among a-amylase inhibitors.

Folding simulations starting from helical
conformations at 400 K

Considering the surprisingly high degree of stab-
ility of b-hairpin conformations for this particular
sequence and to investigate whether or not this is
due to the choice of the starting structure, MD
simulations at 400 K starting from a and left-
handed helix conformations were carried out for
29.5 and 22 ns, respectively. The starting confor-
mations were built in their respective helical con-
formation. The left-handed helix is a very unlikely
conformation in which all f,c angles lie in the
small allowed region in the upper right quadrant
of the Ramachandran plot (Ramachandran et al.,
1963). Results in terms of secondary structure as a
function of time are presented in Figure 2(a) and
(b). Both helical conformations are unstable, and
transient b-hairpin conformations are formed.

The a-helical conformation required 7 ns to com-
pletely unfold. The unfolding occurred one helical
turn at the time, the C and N-terminal turns being
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lost within the ®rst 0.5 ns of the simulation and the
remaining two turns requiring each about 3.5 ns to
unfold. After that, no signi®cant helical confor-
mation was recovered except for one helical turn
at the YQSW sequence which was present for
approximately 0.5 ns around 25 ns. After the disap-
pearance of the helical conformation (after 7 ns),
the system started sampling a number of b-hairpin
like conformations, some of which had only one
residue in extended conformation on each side of
the turn, as indicated by the presence of b-bridges
(green in Figure 2), for example between 7 and 10
ns. Two antiparallel b-sheets, both centred around
Tyr11-Ser12, were formed during the simulation,
each being stable for more than 2 ns. The ®rst was
formed after 12 ns and resembles a 3:5 b-hairpin,
although the residues adjacent to the bend are, for
a major part of the time, not recognized as part of
the sheet structure. The second antiparallel b-sheet
occurred after 15 ns, this time forming a well-
de®ned 2:2 b-hairpin with a type II0 b-turn at
Tyr11-Ser12. This turn conformation is similar to
that found in the 400 K simulation starting from
the native reduced conformation (Figure 1(d)). This
corresponds again to a two-residue-shift toward
the C terminus compared to the native turn and is
consistent with the second turn population
observed by NMR from amide/shift temperature
coef®cients (Blanco et al., 1991). Snapshots of the
two main b-hairpin conformations sampled in this
simulation are shown in Figure 3. After the disap-
pearance of the second b-hairpin (after �18 ns), the
system started sampling conformations close to
those observed in the 400 K (oxidized) simulation
starting from the native form (two-residue C-term-
inal-shifted 3:3 b-hairpin). This is indicated by the
presence of cross-peaks between native and a-helix
400 K simulations in the rmsd matrix (Figure 4).
Around 21 ns, conformations occur for 0.5 ns that
come as close as 0.1 nm backbone atom positional
rmsd for the central eight residues from the 300 K
native simulation (intense cross-peaks between
300 K native and 400 K a-helix in Figure 4). Start-
ing from a completely different conformation, this
system is thus sampling regions of conformational
space that overlap with regions sampled in the
simulation starting from the native b-hairpin
structure.

When starting from the left-handed helix, the
system rapidly looses its helical conformation
within the ®rst nanosecond, and samples b-turn, b-
bridge, b-hairpin and even a-helical conformations.
After 5 ns a 2:2 b-hairpin with type II0 b-turn at
Tyr11-Ser12 is formed which remains stable for
about 3 ns. This conformation is within 0.02 nm
backbone (WRYSQA) atom positional rmsd from
the 2:2 b-hairpin found in the a-helix simulation
(see above). This is not evident from the rmsd
matrix in Figure 4 because there the rms deviations
were calculated for the backbone of the YQS-
WRYSQ sequence (the native b-hairpin). Again, in
this system the sampled conformational space
shows overlap with the previous simulations: short
hairpins formed by a three-residue turn and one b-
bridge are found around 10.0 ns and between 16.5
and 21.0 ns, which resemble those present in the
400 K simulations starting from the a-helix (7.0-
10.0 ns) and the native (0.5-5.5 ns) structures, as
con®rmed by cross-peaks in the rmsd matrix
shown in Figure 4. Some a-helical conformations
are also observed, extending up to two helical
turns for a 1.5 ns period (13.8-15.3 ns). These are
formed in the region which unfolded last in the
400 K simulation starting from an a-helix. The
observation of helical structure formation, although
to a much lesser extent than b-hairpin formation,
makes us con®dent that the b-hairpin ``folding''
observed in these simulations is not the result of a
force ®eld bias toward extended or hairpin-like
structures, but rather an intrinsic property of this
particular sequence.

Folding from an extended conformation
at 360 K

Although various b-hairpin conformations were
recovered when starting from helical confor-
mations, these were only stable for limited periods
of time (up to approximately 3 ns) at 400 K. In
order to perhaps increase the stability of the folded
species and remove any bias toward helical or hair-
pin conformations, a 360 K simulation starting
from a completely extended conformation was run
for 30 ns. This system required approximately
three times more water molecules than the pre-
vious systems, considerably slowing down the
computations. Fortunately, fast collapse towards a
more compact conformation occurred within the
®rst nanosecond of the simulation, after which the
number of water molecules was reduced to the
same amount as in the previous simulations (see
Computational Methods). The backbone radius of
gyration decreased from 2.0 nm for the extended
conformation to values of around 0.7 nm, which
are typical for the simulations starting from the
native conformation (see Table 1). The chain col-
lapse seems to be driven by hydrophobic effects as
indicated by the presence of the aromatic residues
in the centre of the collapsed conformations. For
example, at 1 ns, an almost cyclic conformation
with the Trp side-chain buried in the middle is pre-
sent. This is in contrast to the native conformation
in which the Trp side-chain is part of the type I b-
turn and is partially exposed to the solvent. While
hydrophobic collapse has often been advanced to
be the driving force for protein folding, in this case
it works against it, since the initial collapsed con-
formation needs to be ``turned inside-out'' in order
to recover native-like conformations. This obser-
vation is in line with theoretical studies revealing
that the formation of non-native clusters leading to
a collapse in the initial phase of folding can lead to
kinetic traps slowing down the overall folding rate
(Gutin et al. 1995; Dinner et al., 1996; Mirny et al.,
1996; Shakhnovich, 1997; Chan & Dill, 1998; Pande
et al., 1998; Socci et al., 1998; Thirumalai & Klimov,
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1999). After only approximately 8 ns, turn confor-
mations around Trp9 start to occur (Figure 2(c)).
What looks like a loose hairpin conformation
centred around Trp9-Arg10 between 11 and 13 ns
is in fact a parallel b-sheet which does not resemble
the native hairpin (see the snapshot in Figure 3).
Native-like b-hairpin conformations with a type I
b-turn at Trp9-Arg10 are sampled around 8 ns for
a very limited time period and from 26 ns, where
the system comes as close as 0.09 nm backbone
atom positional rmsd from the native conformation
for the central eight b-hairpin residues. This is indi-
cated by cross-peaks. between the extended 360 K
and the native 300 K conformations in the rmsd
matrix shown in Figure 4. A snapshot of a native-
like conformation at 26.46 ns is shown in Figure 3.
Again, the conformational space sampled in this
simulation has overlap with all previously
described simulations (Figure 4). Although these
simulations are still not long enough to achieve an
equilibrium between folded and unfolded species,
as was the case in the b-peptide simulations
described by Daura et al. (1998a), the observed
overlap in the sampled conformational space
between simulations starting from widely different
conformations is a very promising result. This indi-
cates that, as observed in the case of a b-peptide
(Daura et al., 1999), only a limited portion of the
available conformational space is populated, there-
by greatly reducing the search problem.

Mechanism of bbb-hairpin formation

Two main mechanisms have been proposed for
b-hairpin formation. In the so-called zip-up model
of MunÄ oz et al. (1997, 1998), the turn appears ®rst,
followed by hydrogen bond formation closing the
hairpin, which is ®nally stabilized by hydrophobic
contacts. Another mechanism in which the for-
mation of a hydrophobic cluster precedes hydro-
gen bond formation has been proposed from
simulation studies of the C-terminal b-hairpin of
protein G (Pande & Rokhsar, 1999; Dinner et al.,
1999). Here, the various simulations provide a
number of b-hairpin formation events, allowing an
analysis of their mechanism of formation. In the
400 K a-helix simulation, the appearance of the
®rst 3:5 b-hairpin at 12 ns is preceded by hydrogen
bond formation at the ends of the b-hairpin (b-
bridges between 11 and 12 ns), between Leu5 and
Cys18. Folding occurs subsequently by formation
of additional hydrogen bonds closing the hairpin
in the direction of the turn (zip-down mechanism).
A second hairpin is formed at 15 ns, however, in a
reverse manner: from the central turn toward the
end (zip-up mechanism). The resulting 2:2 b-hair-
pin extends up to ®ve residues on both sides of the
turn (around 17.5 ns). A similar mechanism is
observed in the 400 K left-handed helix simulation.
Formation of the native b-turn in the last part
(from 26 ns) of the 360 K extended conformation
simulation occurs also by a zip-up mechanism. In
all cases, the formation of backbone hydrogen
bonds seems to be the initiating event for hairpin
formation. Except for the ®rst b-hairpin formation
event at 12 ns in the a-helix simulation, which pro-
ceeds by a zip-down mechanism, all other events
follow a mechanism in which the turn is ®rst
formed, followed by backbone hydrogen bond
propagation. Once formed, these turns are stabil-
ized by hydrophobic interactions, both in the
native and C terminus shifted b-hairpins: hydro-
phobic contacts between Trp9, Arg10 and, to a les-
ser extent, Tyr11 stabilize the type I0 b-turn centred
at Trp9, Arg10 in the native hairpin, while inter-
actions between Trp9 and Tyr11 stabilize the type
II0 b-turn at Tyr11-Ser12 in the shifted hairpin. The
appearance of hydrophobic clusters stabilizing the
turn conformations follows b-turn and hairpin for-
mation. This mechanism is thus consistent with the
zip-up model of MunÄ oz et al. (1997, 1998). One
should however avoid generalizing these results,
since various peptide sequences might lead to
different mechanisms. In the C-terminal hairpin of
protein G, hydrophobic residues are found in the
middle of the hairpin while in tendamistat (this
work) they are mainly located around the turn.
This difference could explain the different b-hair-
pin formation mechanisms observed for the tenda-
mistat b-hairpin (zip-up) (this work) and the
protein G b-hairpin (zip-down) (Pande & Rokhsar,
1999; Dinner et al., 1999). In the 360 K extended
conformation simulation, formation of an hydro-
phobic cluster following the initial collapse is
observed, but, as was stated before, works against
the formation of the native hairpin: this cluster has
®rst to be disrupted and the structure turned
inside-out to allow for b-hairpin formation.

Can we identify native-like conformations?

The results presented above have been described
in terms of secondary structure content as a func-
tion of time and have been used to analyse the var-
ious trajectories. From these it is easy to identify
``folded'' structures with well-de®ned confor-
mations such as b-hairpins or a-helices. Some of
these have native characteristics, some do not. Can
we ®nd criteria that will allow us to unequivocally
identify native-like conformations? To date, such
criteria have remained elusive. In some studies a
correlation could be demonstrated between terms
such as hydrogen-bonding energies or contact
areas and native structure, for example, in the
refolding simulations of a b-hairpin from barnase
(PreÂvost & Ortmans, 1997). This was, however,
only possible by considering a priori knowledge of
the native structure. Without any knowledge of
which interactions or subset of interactions to
monitor, identifying native-like or folded confor-
mations from energetic (enthalpic) considerations
remains extremely dif®cult, if possible. In our sys-
tem for example, considering the oxidized and
reduced 400 K simulations (Figure 1(a) and (b)), no
signi®cant difference in energies, solvent-accessible
areas or number of hydrogen bonds (Table 1)
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could be found to account for the difference in
stability of the two systems. Similarly, if we only
consider stable or native-like conformations within
one simulation, as in for example the 2:2 b-hairpin
present between 15, ns and 17.5 ns in the 400 K a-
helix simulation, or the native-like b-turn confor-
mations sampled in the last 4 ns of the 360 K simu-
lation, again none of the above mentioned criteria
can distinguish them from the remaining confor-
mations sampled in those simulations (Table 2). In
a more systematic approach, the backbone atom
positional rms deviations from the native b-hairpin
for the central eight residues were used to test the
ability of the various quantities listed in Tables 1
and 2 to identify native-like conformations. Results
in terms of correlation coef®cients (R) for the 400 K
(all reduced peptide 400 K simulations) and 360 K
simulations are listed in Table 3. No signi®cant cor-
relation could be found between any energetic
term and the deviation from the native b-hairpin.
The highest of ``correlation'' (R � 0.36) is obtained
for the internal van der Waals energy. This is also
re¯ected in the correlation coef®cients for solvent-
accessible surface area (ASA): the highest corre-
lation for the 360 K data is found for the ASA of
non-polar atoms with R � 0.46. If only the central
eight residues are considered, the correlation coef®-
cients (given between parentheses in Table 3)
increase to values of around 0.5, which is still of lit-
tle use for identifying native-like conformations.
The best correlation is obtained for the radius of
gyration (Rg), which is not surprising since b-hair-
pin conformations are quite extended and therefore
Table 2. Average energies and structural characteristics from

a-helix 400 K

0-29.5 ns 15.

A. Energies (kJ molÿ1)
Ebonded (solute) 689(13) 6
Eelec1 (solute-solute) ÿ487(79) ÿ
Eelec2 (solute-solvent) ÿ1462(151) ÿ1
Eelec (Eelec1 � Eelec2) ÿ1949(75) ÿ1
Evdw1 (solute-solute) ÿ421(33) ÿ
Evdw2 (solute-solvent) ÿ320(25) ÿ
Evdw (Evdw1 � Evdw2) ÿ741(17) ÿ
Enon-bonded (Eelec � Evdw) ÿ2690(71) ÿ2

B. Solvent-accessible surface area (nm2}
All atoms 18.8(1.4) 1
Polar atoms 10.9(1.0) 1
Non-polar atoms 7.9(0.8) 7
Backbone 3.4(0.5) 3
Side-chains 15.4(1.1) 1

Rgyration (backbone) (nm) 0.72(0.06) 0.
Number of hydrogen bonds 8.5(2.6) 8
a-Helix (%) 6(1)
b-Sheet (%) 4(1)
b-Bridge (%) 4(6)
b-Turn (%) 11(10)
bend (%) 22(13)

See legend to Table 1 for details.
have larger Rg values than other unfolded confor-
mations. In particular, if only the central eight hair-
pin residues are considered, a correlation
coef®cient of 0.95 for the radius of gyration against
the atom-positional rmsd from the native form is
obtained for the 360 K simulation. When a-helical
conformations are sampled, as in the 400 K simu-
lations, the correlation coef®cient drops again to
values of around 0.5. This indicates that, in this
particular case, the radius of gyration cannot prop-
erly distinguish hairpin conformations from helical
conformations. Similar results are obtained when
using the atom-positional rms deviations from the
average 300 K b-hairpin conformation for the line-
ar ®tting (data not shown). Multiple linear
regressions using any combination of the terms
listed in Table 3 only result in marginal improve-
ments of the correlation coef®cients. These results
indicate that neither energetic (enthalpic) quantities
nor geometric descriptors such as solvent accessi-
ble surface areas of particular types of atoms are
suitable indicators of folded, native-like confor-
mation.

Re-inspecting the data in Table 2 reveals a con-
sistent trend, not in the averages (®rst moments),
but in the ¯uctuations (second moments): a
reduction in ¯uctuations of the energetic and sol-
vent-accessible surface area terms is observed in
the parts of the trajectories corresponding to folded
structures. This can be clearly seen in the 400 K
simulation when the 2:2 b-hairpin is formed
(between 15.5 and 17.5 ns). From thermodynamics,
enthalpy ¯uctuations can be related to the heat
the folding MD simulations of the reduced peptide

Extended 360 K

5-17.5 ns 0-30 ns 26.5-28.5 ns

88(16) 634(17) 641(18)
565(67) ÿ465(74) ÿ466(68)
324(124) ÿ1570(139) ÿ1578(130)
889(59) ÿ2035(70) ÿ2044(65)

414(21) ÿ443(31) ÿ446(29)
330(14) ÿ336(21) ÿ335(23)
744(16) ÿ779(20) ÿ781(15)
633(56) ÿ2814(65) ÿ2825(62)

8.9(0.8) 18.1(1.3) 18.0(1.1)
1.3(0.6) 10.5(0.8) 10.6(0.8)
.6(0.6) 7.7(0.8) 7.4(0.7)
.2(0.4) 3.2(0.5) 3.1(0.4)
5.6(0.7) 15.0(1.1) 14.9(0.9)

75(0.07) 0.65(0.008) 0.64(0.05)
.8(2.3) 7.7(2.2) 8.4(2.1)
0(0) 0(2) 0(0)

18(15) 5(10) 9(12)
3(5) 4(6) 8(8)
11(6) 11(10) 11(10)
23(12) 30(12) 31(10)



Table 3. Correlation coef®cients from a linear ®t of various energetic and structural quantities against the backbone
atom positional rms deviations from the native b-hairpin structure

Reduced 400 Ka Reduced 360 K

A. Energies (kJ molÿ1)
Eelec1 (solute-solute) ÿ0.14 0.12
Eelec2 (solute-solvent) 0.15 ÿ0.10
Eelec (Eelec1 � Eelec2) 0.14 ÿ0.06
Evdw1 (solute-solute) 0.15 0.36
Evdw2 (solute-solvent) ÿ0.05 ÿ0.18
Evdw (Evdw1 � Evdw2) 0.20 0.36
Enon-bonded (Eelec � Evdw) 0.20 0.04

B. Solvent-accessible surface area (nm2)
All atoms 0.11(0.35) 0.39(0.55)
Polar atoms 0.18(0.35) 0.16(0.45)
Non-polar atoms ÿ0.02(0.21) 0.46(0.52)
Backbone 0.18(0.01) 0.38(0.49)
Side-chains ÿ0.09(0.40) 0.29(0.47)
Rgyration (backbone)(nm) 0.10(0.54) 0.55(0.95)
Number of hydrogen bonds ÿ0.03(ÿ0.03) ÿ0.27(ÿ0.21)

The atom-positional rms deviations from the native b-hairpin structure used in the ®tting were calculated for N, Ca and C-atoms
of the central eight residues (6-13). The values between brackets correspond to correlation coef®cients obtained from properties
calculated only from the central eight residues (6-13).

a Structural data from all 400 K MD simulations (starting from native, a and left-handed helices) of the reduced peptide were
used in the linear regressions.
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capacity Cp. In particular, the transition excess heat
capacity h�Cp,tri, which measures the enhancement
of enthalpic ¯uctuations associated with a confor-
mational transition, can be written as (Freire, 1995):

h�Cp;tri � �h�H2i ÿ h�Hi2�=RT2 � s2
�H=RT2

Changes in heat capacity can be monitored
experimentally from calorimetry measurements.
The method has been applied to the study of
protein folding and the resulting heat capacity
changes interpreted in terms of folding tran-
sitions (for a review, see Freire, 1995). This led
us to investigate the energy ¯uctuations of the
simulated peptide as a function of time. Energy
¯uctuations sE calculated over 1 ns periods for
the sum of solute-solute and solute-solvent inter-
actions for the 360 K simulation are displayed in
Figure 5. One can clearly see that the energy
¯uctuations are not constant over time, a num-
ber of distinct peaks being present. Apart from
the initial decrease, which can be attributed both
to the higher simulation temperature at the
beginning (400 K) (see Computational Methods)
and the initial collapse from the extended con-
formation, two large peaks are present at 5 ns
and 27 ns, respectively. The increased energy
¯uctuations around 5 ns precede the formation
of a tight b-turn at Gln13-Ala14 and of an anti-
parallel b-sheet, as can be seen from Figure 2(c),
and mark the disappearance of the initial confor-
mational cluster, as can be seen from Figure 4.
This increase in energy ¯uctuation is thus con-
sistent with the formation of a more compact
and ordered structure with some b-hairpin
characteristics. Subsequently, sE decreases to
reach a minimum of around 13 ns where a par-
allel b-sheet is present (Figures 2(c)) and 3(e)).
The structural rearrangements around 16 ns
leading to the formation of b-hairpin structures
in the C-terminal part of the peptide are also
accompanied by an increase in enthalpic ¯uctu-
ation. This corresponds in the rmsd matrix
shown in Figure 4 to the transition to a new
conformational cluster around 16 ns. The appear-
ance at 26 ns of the last conformational cluster
which shows native-like characteristics, as indi-
cated by the cross-peaks (lower right of the
rmsd matrix) with the native 300 K and 400 K
structures, is again accompanied by a large
increase in energy ¯uctuations. The correspond-
ing structures contain native like b-hairpin con-
formations with a type I b-turn at Trp9-Arg10
(Figures 2(c) and 3(e)). The observation that an
increase of energy ¯uctuation accompanies con-
formational transitions is consistent with vari-
ations in heat capacity measured experimentally
for protein folding. Monitoring such ¯uctuations
in simulations can thus point to interesting parts
of the MD trajectories where signi®cant confor-
mational rearrangements take place, but still
does not allow to distinguish native-like confor-
mations from others. These ¯uctuations should
be calculated from suf®ciently long portions of
the MD trajectories to minimize the noise. Long
MD simulations in the 10 ns to 100 ns time
range are therefore required.

Conclusions

By comparing molecular dynamics simulations
of the reduced and oxidized native peptides, the
conservation of the disulphide bridge closing the
b-hairpin among the family of a-amylase inhibitor
could be rationalized through its role in maintain-
ing a proper turn conformation, insuring thereby
proper side-chains arrangements in the conserved
turn residues. Removal of this bridge allows the



Figure 5. Peptide energetic ¯uc-
tuations as a function of time for
the 360 K MD simulation in water
starting from the extended confor-
mation. The ¯uctuations were cal-
culated for the sum of solute-solute
and solute-solvent energy terms
over 1 ns time windows.
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formation of non-native b-turns and shifted b-hair-
pin conformations that have also been identi®ed
from NMR measurement on a shorter peptide lack-
ing the disulphide bridge (Blanco et al., 1991). In
high temperature folding simulations starting from
different conformations, both native and non-
native b-hairpin conformations were recovered.
These remained stable for several nanoseconds
before the system started sampling other regions of
conformational space. Reducing the simulation
temperature should perhaps allow us to quench or
increase the occurrence of such conformations, at
the cost of increasing simulation time since the rate
of sampling conformational space will be reduced.
The folding events monitored in the various simu-
lations support a model for b-hairpin formation in
which the turn is formed ®rst, followed by hydro-
gen bond formation in a zip-up model. The hair-
pin, and in particular the b-turn, are subsequently
stabilized by side-chain hydrophobic interactions.
This mechanism however need not be universal, a
hydrophobic collapse model having also been
observed for different peptide sequences, for
example for the C-terminal b-hairpin of protein G
(Pande & Rokhsar, 1999; Dinner et al., 1999). Both
mechanisms have been proposed as early events in
protein folding.

Although molecular dynamics simulations in
explicit solvent remain expensive and reversible
folding simulations in aqueous media have yet to
be reported, simulating the folding process of short
peptides at atomic detail is becoming feasible. Such
simulations give a dynamic picture of peptide
structure and lead to a better understanding of
early events in protein folding. As demonstrated
here, simulations starting from completely different
initial con®gurations start sampling similar regions
of the conformational space at high temperatures
within tens of nanoseconds, indicating that only a
limited portion of the accessible conformational
space needs to be sampled. This is particularly
encouraging, since no simple criteria could yet be
identi®ed to unequivocally distinguish native con-
formations from others. Without any a priori
knowledge of the native structure, only suf®ciently
long molecular dynamics simulations or extensive
sampling methods generating ensembles of confor-
mations in an equilibrium distribution will allow
the prediction of native-like structures. This has
been demonstrated recently from molecular
dynamics simulations of b-peptides (Daura et al.,
1998a, 1999) in methanol and for short natural pep-
tides using an implicit solvent model and biased
molecular dynamics (Schaefer et al., 1998). Consid-
ering the continuous improvements in hardware,
empirical force ®elds and simulation techniques, a
reliable description of peptide folding and struc-
ture based on simulations is within reach. For pro-
teins, however, although a milestone has been set
by a 1 ms simulation of a small protein in water
(Duan & Kollman, 1998), equilibrium simulations
of protein dynamics and folding will still remain
inaccessible for the near future.

Computational Methods

Molecular model and interactions

The peptide and water were modelled according to
the GROMOS96 model and force ®eld 43A1 (van
Gunsteren et al., 1996; Daura et al., 1998b).

System setup

The initial structure of the 19-residue peptide
sequence, SCVTLYQSWRYSQADNGCA, corresponding
to the ®rst b-hairpin (residues 10 to 28) of the a-amylase
inhibitor tendamistat was taken from the NMR structure
(PDB entry 3AIT) (Billeter et al., 1990). The reduced and
oxidized forms were ®rst energy-minimised and then
solvated in a periodic truncated octahedron box of single
point charge (SPC) water (Berendsen et al., 1981) with a
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minimum solute-wall distance of 1.0 nm. The two sys-
tems were subsequently submitted to two times 250
steps of steepest descent energy minimization to remove
bad contacts between the peptide and the water. The
peptide coordinates were ®xed in the ®rst minimization
and position restraints with force constants of 5000 kJ
molÿ1 nmÿ2 were applied in the second minimization.
The ®nal systems comprised 202/204 solute atoms and
2441/2440 water molecules, amounting to a total of 7525
and 7524 atoms for the oxidized and reduced forms,
respectively.

The a and left-handed helical structures and the
extended structure of the reduced form used in the fold-
ing runs were built with Macromodel (Mohamadi et al.,
1990) and subjected to the same protocol as the native
reduced form taken from the NMR structure. For the
two helical conformations, the box size was chosen such
as to obtain the same number of water molecules as for
the native form, resulting in minimum solute-wall dis-
tances of 1.105 and 1.13 nm, respectively. For the
extended form, the initial system comprised 6718 water
molecules. Because of the fast collapse of the extended
conformation, the amount of water molecules in the sys-
tem could be reduced twice, after 0.2 ns and 0.4 ns of
molecular dynamics simulation at 400 K, respectively,
resulting in the same number of water molecules (2440,
minimum solute wall distance of 1.33 nm) as for the
native reduced form. This conformation was used as
starting point for the 360 K MD simulation.

MD simulation

The simulations were run for variable time periods,
ranging from 10 to 30 ns using the GROMOS96 MD pro-
gram (van Gunsteren et al., 1996, Scott et al., 1999). The
time-step used in the leap-frog integration scheme was
0.002 ps. Covalent bond lengths were constrained with
the procedure SHAKE (Ryckaert et al., 1977) with a rela-
tive geometric tolerance of 0.0001. The initial velocities
were taken from a Maxwellian distribution at the chosen
temperature (300, 360 or 400 K). The temperature of the
system was maintained by weakly coupling solute and
solvent, separately, to an external temperature bath at
the reference temperature (Berendsen et al., 1984). The
temperature coupling constant was 0.1 ps (0.01 in the
®rst 50 ps). The pressure was maintained by weakly
coupling the system to an external pressure bath at one
atmosphere with a coupling constant of 0.5 ps (0.05
during the ®rst 50 ps). The non-bonded interaction pair
list was updated every ®ve steps with a cut-off of
0.8 nm. The non-bonded interactions were calculated
with group cut-offs using the twin-range method (van
Gunsteren & Berendsen, 1990) with cut-offs of 0.8 and
1.4 nm, respectively: all non-bonded interactions within
0.8 nm were calculated at every step, while the long-
range contribution, up to 1.4 nm, was updated every
®ve steps. A reaction ®eld correction (Tironi et al., 1995)
was used with a permittivity eRF of 54, which corre-
sponds to the dielectric permittivity calculated for the
SPC water model (Smith & van Gunsteren, 1994). Pos-
ition restraints were applied on the solute heavy atoms
during the ®rst 40 ps of the simulations, with decreasing
force constants of 5000, 500, 50 and 5 kJ molÿ1 nmÿ2,
respectively, to allow the water to equilibrate without
disturbing the peptide structure. Coordinates were saved
every 0.5 ps for analysis.

The simulations were performed on a variety of SGI
systems, using both serial and shared-memory parallel
versions of GROMOS96. As a CPU cost indication, 1 ns
trajectory required 5 CPU days on a single SGI R10000
195 MHz processor.

Secondary structure analysis

The secondary structure content of the peptides was
calculated using the SECSTR module of the program
PROCHECK (Laskowski et al., 1993).

Solvent-accessible surface area

Solvent accessible surface area was calculated with the
program NACCESS (Hubbard & Thornton, 1993), using
a 0.14 nm radius probe.
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